Cognitive deficits in older adults attributable to Alzheimer's disease (AD) pathology are featured early on by hippocampal impairment. Among these individuals, deterioration in spatial navigation, manifested by poor hippocampus-dependent allocentric navigation, may occur well before the clinical onset of dementia. Our aim was to determine whether allocentric spatial navigation impairment would be proportional to right hippocampal volume loss irrespective of general brain atrophy. We also contrasted the respective spatial navigation scores of the real-space human Morris water maze with its corresponding 2D computer version. We included 42 cognitively impaired patients with either amnestic mild cognitive impairment (n = 23) or mild and moderate AD (n = 19), and 14 cognitively intact older controls. All participants underwent 1.5T MRI brain scanning with subsequent automatic measurement of the total brain and hippocampal (right and left) volumes. Allocentric spatial navigation was tested in the real-space version of the human Morris water maze and in its corresponding computer version. Participants used two navigational cues to locate an invisible goal independent of the start position. We found that smaller right hippocampal volume was associated with poorer navigation performance in both the real-space (β = −0.62, P < 0.001) and virtual (β = −0.43, P = 0.026) versions, controlling for demographic variables, total brain and left hippocampal volumes. In subsequent analyses, the results were significant in cognitively impaired (P ≤ 0.05) but not in cognitively healthy (P > 0.59) subjects. The respective real-space and virtual scores strongly correlated with each other. Our findings indicate that the right hippocampus plays a critical role in allocentric navigation, particularly when cognitive impairment is present. P ersons with Alzheimer's disease (AD) (1, 2) and with amnestic mild cognitive impairment (MCI) (3), who are known to be at higher risk for developing AD, experience difficulties with spatial navigation. Based on animal research, two basic navigation types were distinguished (4). Egocentric navigation is route or body centered and is dependent mainly on parietal cortices and caudate nucleus (4-8). The more flexible and complex allocentric type is world centered and it is dependent mainly on the hippocampus (5, 9). In humans, medial temporal lobe function is highly lateralized with the right hippocampus predominantly associated with spatial navigation and topographical memory (10). Recent research has underscored the importance of the hippocampus for spatial navigation in cognitively impaired subjects (11, 12) . For example, a case study of a patient with early AD (13) reported a distinct navigation deficit indicative of hippocampal atrophy. However, structural background of the allocentric navigation impairment has not yet been entirely elucidated, particularly in the real-space environment.
Cognitive deficits in older adults attributable to Alzheimer's disease (AD) pathology are featured early on by hippocampal impairment. Among these individuals, deterioration in spatial navigation, manifested by poor hippocampus-dependent allocentric navigation, may occur well before the clinical onset of dementia. Our aim was to determine whether allocentric spatial navigation impairment would be proportional to right hippocampal volume loss irrespective of general brain atrophy. We also contrasted the respective spatial navigation scores of the real-space human Morris water maze with its corresponding 2D computer version. We included 42 cognitively impaired patients with either amnestic mild cognitive impairment (n = 23) or mild and moderate AD (n = 19), and 14 cognitively intact older controls. All participants underwent 1.5T MRI brain scanning with subsequent automatic measurement of the total brain and hippocampal (right and left) volumes. Allocentric spatial navigation was tested in the real-space version of the human Morris water maze and in its corresponding computer version. Participants used two navigational cues to locate an invisible goal independent of the start position. We found that smaller right hippocampal volume was associated with poorer navigation performance in both the real-space (β = −0.62, P < 0.001) and virtual (β = −0.43, P = 0.026) versions, controlling for demographic variables, total brain and left hippocampal volumes. In subsequent analyses, the results were significant in cognitively impaired (P ≤ 0.05) but not in cognitively healthy (P > 0.59) subjects. The respective real-space and virtual scores strongly correlated with each other. Our findings indicate that the right hippocampus plays a critical role in allocentric navigation, particularly when cognitive impairment is present. P ersons with Alzheimer's disease (AD) (1, 2) and with amnestic mild cognitive impairment (MCI) (3) , who are known to be at higher risk for developing AD, experience difficulties with spatial navigation. Based on animal research, two basic navigation types were distinguished (4) . Egocentric navigation is route or body centered and is dependent mainly on parietal cortices and caudate nucleus (4) (5) (6) (7) (8) . The more flexible and complex allocentric type is world centered and it is dependent mainly on the hippocampus (5, 9) . In humans, medial temporal lobe function is highly lateralized with the right hippocampus predominantly associated with spatial navigation and topographical memory (10) . Recent research has underscored the importance of the hippocampus for spatial navigation in cognitively impaired subjects (11, 12) . For example, a case study of a patient with early AD (13) reported a distinct navigation deficit indicative of hippocampal atrophy. However, structural background of the allocentric navigation impairment has not yet been entirely elucidated, particularly in the real-space environment.
The navigation disability in AD and MCI patients has been found to involve selective impairment of spatial cognition associated with atrophy of the right-lateralized navigational network (11) . However, this study did not differentiate between allocentric and egocentric types of navigation. A recent study using virtual reality environment reported impaired egocentric and allocentric spatial navigation and reduced right/left hippocampal volumes in amnestic MCI (aMCI) patients compared with cognitively healthy controls (12) . However, a significant association was not found between the allocentric navigation performance and hippocampal volume, and navigation in real space was not assessed.
In our previous study, we found allocentric spatial navigation impairment in subjects with aMCI and AD in both the real-space and computerized versions of the test (3). However, these results were not supported with structural data. In the present study, we extend these previous findings by evaluating whether impairment in allocentric spatial navigation may be proportional to atrophy in the right hippocampus, an area crucial for performance of such tasks. Accordingly, we hypothesized that allocentric navigation performance would be dependent on the right hippocampal volume.
Specifically, we hypothesized that i) Allocentric navigation performance would be associated with right hippocampal volume independent of total brain volume, suggesting that the result is not a function of total brain atrophy but is specific to the right hippocampus. ii) The association between the right hippocampal volume and allocentric navigation would be more pronounced in cognitively impaired older adults. iii) The 2D computerized test results would be consistent with results from a real-space setting.
Virtual reality environments do not fully reflect navigation in the real space, whereas a real-space setting has a better ability to mimic real-life situations. In our study, allocentric navigation was investigated in a real-space human analog of the Morris water maze (hMWM) (3, 14) and its corresponding 2D computerized version (3, 14) . The subject had to find a hidden goal inside a circular arena using orientation cues on the arena circumference. The results of both versions of the hMWM test were regressed on volumes of both the right and left hippocampi, controlling for total brain volume and differences in age, sex, and education, to evaluate proportion of brain atrophy in relation to navigational errors.
Results
In correlational analyses with the entire sample ( Table 1) , age correlated negatively with hippocampal volume but not with total brain volume, and positively with the magnitude of errors in the real-space version of the hMWM but not in the virtual version. Women had lower total brain volume, but not lower hippocampal volume (potentially due to the lower likelihood to detect significant differences in such a relatively small structure) than men. Years of education correlated positively with hippocampal volume and negatively with the extent of errors on the spatial navigation tests. Positive correlations between brain and hippocampal volumes were strong as expected, as were negative correlations between brain/hippocampal volumes and the magnitude of errors on the spatial navigation tests. Finally, there was a strong correlation between navigation performance in the realspace and in the 2D computerized version, which is illustrated in Fig. 1. Figs. 2 and 3 illustrate the observed correlations between right hippocampal volume and performance on the real-space and 2D computerized versions of the navigation test, respectively.
In multivariate regression analyses (Table 2 ) adjusted for age, sex, and years of education, the initial model (model 1), which included the covariates plus total brain volume score, yielded a significant association between smaller total brain volume and poorer performance (i.e., greater average distance error) on both the real-space and computerized version of the spatial navigation test. When the measure of the right hippocampal volume was added to variables from model 1 (model 2), there was a significant association between smaller right hippocampal volume and poorer performance on both versions of the spatial navigation test, whereas the association between total brain volume and spatial navigation was reduced to nonsignificant. The addition of right hippocampal volume into the regression model also led to a significant improvement in model fit, as indicated by the significant change in the R 2 value. Finally, the addition of left hippocampal volume to the variables from model 2 in the final model (model 3), presumed to reflect verbal ability (and the potential bias by the level of understanding instructions), did not affect the results and did not contribute to model fit. Next, we assessed potential mediation of the link between total brain volume and spatial navigation by the right hippocampal volume using the Sobel test (15) . The test was significant for the realspace (z = −3.62, P < 0.001) and 2D computerized (z = −3.35, P < 0.001) spatial navigation test.
We also estimated regression models for those with and without cognitive impairment separately (Table 3) . Because model 2 was superior with respect to model fit in analyses with the entire sample, only results from this model were reported. The pattern of results was retained for those with but not those without cognitive impairment. The Sobel test assessing mediation of the associations between total brain volume and spatial navigation in cognitively impaired participants by right hippocampal volume was significant in the real space (z = −2.42, P = 0.015), but only approached significance in the virtual space (z = −1.75, P = 0.080).
Discussion
We found that allocentric navigation impairment in a real-space setting and in its corresponding 2D computerized versions was proportional to the right hippocampal volume. These results appeared to reflect a link between the extent of right hippocampal atrophy and spatial navigation performance, particularly in those with cognitive impairment represented by aMCI or AD. We concluded that smaller right hippocampal volume irrespective of a total brain atrophy, as well as age, sex, education, and left hippocampal atrophy, is responsible for decline in allocentric navigation performance. Our results are consistent with previous studies indicating that the hippocampus is a key structure for allocentric navigation in animals (9, 16, 17) and humans (9, 18, 19) . DeIpolyi et al. (11) reported an association between overall navigation impairment (without distinguishing between egocentric and allocentric types of navigation) and atrophy of the right hippocampus in cognitively impaired subjects (aMCI and AD). We build on these findings by presenting allocentric navigation in relation to hippocampal volume in older cognitively impaired and cognitively healthy subjects examined within one study, and using both real-space and 2D computerized settings. One advantage of our study is that our test is a direct analogy of MWM, which is widely used to study animal spatial navigation (16, 17) .
A recent study (12) 
in aMCI patients than in controls. However, hippocampal volumes did not correlate with allocentric navigation accuracy neither in the main analysis (with all subjects together) nor in the subanalyses (with aMCI and control subjects separately). Conversely, we found an association between right hippocampal volume and allocentric navigation that was demonstrated in the real-space and its corresponding 2D computerized version.
We found the associations between right hippocampal atrophy and spatial navigation performance to be independent of total brain atrophy. In fact, we found that right hippocampal atrophy served as a mediator of the initially observed association between total brain atrophy and navigation performance, providing further evidence for the importance of right hippocampal volume for navigation performance. Our hMWM test was shown to reflect hippocampal impairment. Given that the hippocampus is impaired early on during the course of AD and aMCI, our test might be used as an early marker of aMCI and AD, despite the relatively large heterogeneity within aMCI patients with respect to clinical progression (20) . Future research that includes followup data should explore the utility of the test to predict the conversion from aMCI to AD and the onset of aMCI.
We also tested whether left hippocampal volume may partially explain the association between right hippocampal volume and navigation performance. We found essentially no effect of left hippocampus, indicating that the results were not confounded by abilities associated with this brain structure.
We found a parallel pattern of results in the real-space and computerized versions, confirming our previous findings (3). Although the two versions may not be fully interchangeable, including some reliance of computer skills of the subject, this finding still points to the utility of the relatively simple-to-administer computer-based test to assess potential spatial navigation deficits to identify early signs of incipient AD, as was suggested previously (3).
We should mention that we were unable to evaluate the association between allocentric navigation and brain structures other than the hippocampus. Neuroimaging studies using patients with MCI (21) indicate significant differences in volumes of multiple brain regions, including, for example, entorhinal cortical thickness and volume and parahippocampal gyrus volume. There are human functional MRI studies suggesting that allocentric navigation may be dependent on parahippocampal activity during exploration of a virtual-reality maze (22) .Thus, we might expect that hippocampus-adjacent structures such as parahippocampal gyrus (predominantly on the right) may also relate to allocentric navigation. However, structural correlates of allocentric navigation in MCI and AD subjects are still underexplored. Future studies should focus on more complex structural correlates of allocentric navigation, especially in cognitively impaired individuals.
In conclusion, our results indicate that the right hippocampus plays a critical role in allocentric navigation in older adults in the real space and virtual space, especially in those with cognitive impairment. Together, the results can serve as a basis for future research to ascertain the ability of spatial navigation testing to identify patients in the preclinical stage of AD, where hippocampal deficits are among the primary symptoms. In addition, the findings indicate that our computer version of the human analog of the Morris water maze can reasonably imitate navigation in the real world and serve as a useful, inexpensive, and reliable screening tool for early detection of hippocampal dysfunction in older adults. Participants with depression (GDS > 7) were excluded. Participants were classified using established clinical criteria and the results of neuropsychological tests ( Table 4 ). The group with cognitive impairment (n = 42) included 16 patients with mild probable AD and three with moderate probable AD, and 23 patients with aMCI (see Table 5 for demographic information for study participants). Subjects with AD met the Diagnostic and Statistical Manual of Mental Disorders IV-TR criteria for dementia (23) and the National Institute of Neurological and Communicative Disorders and Stroke and Alzheimer Disease and Related Disorders Association criteria for probable AD (24) . Patients with aMCI met the clinical criteria for MCI established by Petersen and colleagues (20, 25) . The threshold for memory impairment was derived from the same literature as scoring >1.5 SD below the mean of age-and education-adjusted norms on any memory test. We also included 14 older controls who did not meet the criteria for cognitive impairment.
Methods
Spatial Navigation Testing: The Hidden Goal Task. The Hidden Goal Task (HGT) is a human analog of the MWM (14) , where the allocentric vs. egocentric types of navigation are tested separately. Allocentric navigation is independent of individual's position on the start; it is the prominent distal cues in the subject's environment that are used to navigate toward the goal. However, egocentric navigation is dependent on individual's body position on the start. The start-goal distance and the start-goal direction are used to find the goal. Following our hypothesis, in this study we evaluated allocentric subtask. The main task of the participant was to find the hidden goal, using allocentric strategy. We used two versions of the HGT. In brief, it was the real-space version, represented by circular velvet arena, 2.9 m in diameter, and virtual 2D computerized test. First, the 2D computerized version was administered. A map-like view of the arena was projected on a 17-inch computer touch-screen. The arena was depicted as a large white circle with the start position and two distinct, red and green, orientation cues on its circumference. The red circle inside the arena represented the goal. In the beginning of the 2D computerized test, the correct goal position and mutual relationship with the orientation cues was presented to the participant. This feedback was provided before the first trial of the task and after each trial of eight (to facilitate learning), but not during the real-space version testing. The participant was requested to move a touch-screen pen from the start to the supposed goal and draw the entire route. Similarly, in the real-space version, the goal position on the floor was pointed out with a handheld pointer stick. The entire procedure is described in detail elsewhere (3).
The mutual relationship of the hidden goal and the orientation cues was stable across all trials. The navigation performance was measured as the average distance error between goal position determined by participant and the correct goal position that was programmed for each trial of eight. There was no time limit. β, standardized regression coefficient. ***P < 0.001, **P < 0.01. P values indicate whether the variance in spatial navigation explained by the independent variables is significant. *In independent t tests, the groups differed significantly in all neuropsychological test scores (P < 0.001). (27, 28) . The overall process and analysis pipeline has been described elsewhere (http://surfer.nmr.mgh.harvard.edu). FreeSurfer was evaluated as a reasonable substitute for manual tracing (29) and is commonly used in the studies (21) . The analysis outputs were checked by knowledgeable operator. Finally, the total brain, right and left hippocampal volumes were calculated in cubic centimeters and millimeters, respectively.
Data Analysis. For analysis, the average distance error across eight trials between the participant's choice and the correct goal position was evaluated. The average distance error was measured in centimeters in the realspace and in pixels in the 2D computerized versions. Initially, we calculated Pearson correlation coefficients to explore bivariate relationships within the data. We also inspected score distribution for all continuous variables, and found both skewness and kurtosis within acceptable range (±0.5). In the main analyses, we used multivariate linear regression models to estimate associations between spatial navigation performance and the right hippocampal volume. Participants with and without cognitive impairment differed significantly with respect to age [t(54) = 2.12, P < 0.05] and education [t(54) = 2.19, P < 0.05], and the result for sex differences approached significance [χ 2 (1) = 3.21, P = 0.073]. These variables have also been found to relate to spatial navigation ability in previous studies (30) (31) (32) (33) and therefore were controlled in the analyses. Total brain (model 1), right (model 2), and left (model 3) hippocampal volume measures were added sequentially. We report standardized regression coefficients, which allow a direct comparison of the magnitude of the associations by standardizing the variance of each variable to the same metric. Model fit was assessed by the R 2 value adjusted for the number of variables in the model. In subsequent analyses, we also estimated the same associations separately in cognitively impaired and cognitively intact participants. We performed the Sobel test (15) to assess whether the apparent mediation of the association between total brain volume and spatial navigation performance by right hippocampal volume would reach statistical significance. The Sobel test was estimated in a mediation analysis proposed by Preacher and Hayes (34) , which extends the work of Baron and Kenny (35) ; the advantages include estimation of all three hypothesized pathways (predictor to outcome; predictor to mediator, and mediator to outcome) simultaneously and incorporating a bootstrapping technique, which reduces sample size demands (36) . The result is expressed as a Z test, where the absolute value >1.96 corresponds to statistical significance at P < 0.05. SAS software version 9 was used in all analyses, with statistical significance set at a two-tailed 0.05 level.
